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a b s t r a c t
DNA transport through membranes is a key step in many biological processes. The phenomenon of DNA
penetration through narrow polymer membrane pores was previously observed only under the inﬂu-
ence of external electric ﬁelds. Recently, it was shown that some types of DNA could penetrate through
membrane pores also under hydrodynamic pressure. Here we show that double-stranded plasmid DNA
with a 350nm hydrodynamic diameter penetrates through membrane pores as narrow as 10nm undereywords:
ermeation kinetics
ltraﬁltration
lasmid elasticity
iral infection
pressure, and suggest that the supercoiled plasmids penetrate through these narrow pores by stretching
into long hair-shaped ﬂexible strands. We study the kinetics of plasmid penetration and the changes
in plasmid elasticity caused by UV irradiation. The results suggest a mechanism based on “snake-like”
movement with gradual pore blocking.
© 2011 Elsevier B.V. Open access under CC BY-NC-ND license.
olymeric membranes
. coli
. Introduction
The ever-increasing work on DNA modiﬁcation and genetic
ngineering carries a long-term price tag—an increasing danger of
nvironmental contamination. In particular, free plasmid DNA is
roblematic, as it can lead to genetically new viruses and bacteria
1,2]. Plasmid DNA can infect cells and genomes, multiply, mutate
nd recombine. Unlike chemical pollutants, which break down and
ilute, plasmid DNA is a persistent pollutant. For these reasons it is
ssential that we understand the mechanism of DNA penetration
nd transfer through membranes.
Plasmid DNA permeation through membranes is particularly
elevant to viral infection mechanisms [3], gene therapy [4,5] and
acterial conjugation [6,7]. Much research was done on this sub-
ect, both under well-controlled laboratory conditions [8–12] and
sing state-of-the-art computer simulations [13,14]. However, the
echanisms by which DNA penetrates through such membranes
re still unclear [15,16]. There are conceptual as well as practical
ifﬁculties. One problem is that DNA molecules are often much
arger than the pores through which they must (and do) penetrate.
nother problem is that monitoring this DNA penetration in vivo is
ery complicated.
∗ Corresponding author at: Ben Gurion University of the Negev, Biotechnology
nd Environmental Engineering, PO Box 653, 84105 Beer-Sheva, Israel.
el.: +972 86479031.
E-mail address: gitis@bgu.ac.il (V. Gitis).
376-7388 © 2011 Elsevier B.V. 
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Open access under CC BY-NC-ND license.Many important factors that inﬂuence transition of DNA
through nanopores have been studied recently. Zydney and co-
workers found that higher ﬁltrate ﬂux [17–20], ionic strength
[17,21,22] and membrane charge [17] enhance plasmid transition.
Morãoaet al. showed thathigh stirring speeds [20] loweredplasmid
transition, due to a suppressed concentration polarization effect.
Conversely, the increase in plasmid size had a negative effect [23]
or no effect on the plasmid transition [19]. Moreover, the critical
ﬂux (the ﬂux needed for signiﬁcant plasmid transition) increased
as pore sizes narrowed [19]. Finally, the plasmid transition depends
strongly on the membrane polymer type [23].
Recent calculations showed that the persistence length of linear
DNAsequenceswithdifferentbasepairs varies from47.5 to74.3nm
[24–26]. Thus, the previously reported results [17–21], [23] can be
explained by expanded elasticity of the plasmids that stretch under
hydrodynamic pressure. Still, we had a hard time explaining our
previous ﬁndings [22], namely that double-stranded plasmids had
passed through membranes with as little as ∼10nm pore size.
In this paper, we verify that double-stranded circular plasmid
DNA penetrates through pores as narrow as 10nm under hydro-
dynamic pressure. We study the penetration kinetics by parallel
determination of ﬂux and plasmid concentration in the permeate
during the run. Dead-end ﬁltration studies are performed using
two different plasmids, with hydrodynamic diameters of 320 and
380nm. The plasmid integrity after the ﬁltration is conﬁrmed
throughparallel determinationof plasmid concentration in compe-
tent cells and real-time PCR of triplicate samples. Our results show
that DNA plasmids penetrate through pores that are smaller than
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he hydrodynamic diameter of supercoiled DNA and even smaller
han the calculated persistence length. Subsequently,we irradiated
lasmid samples with UV light, increasing the rigidity of the plas-
ids. As a result, retention of the plasmids increased by as much
s 55%. Based on the published studies and our current results, we
uggest that the plasmid transition mechanism follows a “snake-
ike” movement along with gradual blockage of membrane pores
ith plasmids.
. Materials and methods
.1. Bacterial strains and plasmids
Two types of double stranded circular DNA plasmids were
sed: a 4.5 kilo base pair (kb) pGEMR and a 9.5 kb pHE4-ADR.
he pGEMR was constructed by cloning the 1.5 kb fragment into
GEM-T Easy vector (Promega, Madison, WI, USA). The pHE4-ADR
9.5 kb) was constructed by ligation of 6.5 kb fragment into pUHE-
4 [27]. The plasmids were grown in Esherichia coli and isolated
ith a NucleoBond PC 500 isolation kit (Macherey-Nagel, Düren,
ermany). Average plasmid puritywas calculated by absorbance at
60nm/280nm and 260nm/230nm (1.85 and 1.95, respectively).
ransformational experiments were performed with XL-Blue MRF’
Stratagene) or HD5 (Bio-Lab ltd.) competent E. coli cells. The
ecipient cells were thawed on ice for 15min, mixed with plas-
id for an additional 30min on ice, and heated to 42 ◦C for 1min.
ncubation was performed for 1h at 37 ◦C with 1ml LB medium.
ounting of colony-forming units was performed on LB plates that
ontained100g/ml ampicillin after 16–18hof incubationat 37 ◦C.
.2. DNA membrane ﬁltration setup
A 150ml autoclave stirred cell was used (magnetic stirring,
00 rpm) equipped with a back-pressure controller for control-
ing of transmembrane pressure (TMP). Round, ﬂat membranes of
00±50nm thickness were supported on a stainless steel sup-
ort base. Experiments were done at 1.0, 2.0, 3.0, 4.0 and 5.0bars
ransmembrane pressure (TMP). Twenty and 30kDa ﬂat-sheet
olyethersulfone (PES) and 10 and30nmpolycarbonate (PC)mem-
ranes (Sterlitech Corporation) were used. The PES membranes
ere cut into circles with a cross sectional area of 0.025m2. The
C membranes were used as received. All plasmids were diluted
n deionized water to form the initial suspension of 0.33g/ml in
00ml. To avoid abiasdue to concentrationpolarization, only30ml
f feed suspension was transferred through membranes at pH 6.0
nd a constant temperature of 25±1 ◦C. The percentage of plasmid
ejection was calculated from the plasmid DNA concentrations in
he feed and the permeate fractions as
ejection =
(
1 − C
C0
)
× 100% (1)
here C0 and C are plasmids concentrations in feed and permeate,
espectively. The ﬂux through membrane was calculated as
= m
 t A
(2)
here J is the ﬂux (lm−2 h−1), m is the permeate weight dif-
erence (kg),  is the density of permeate (kg l−1), t is the time
nterval between two m measurements (h) and A is the ﬂat sheet
embrane area available for ﬁltration (m2)..3. Low-pressure UV irradiation system
A specially designed collimated beam UV apparatus was built
o enable us to perform DNA irradiation tests. The apparatus
ontained a 43-W low-pressure mercury vapor germicidal lampbrane Science 371 (2011) 45–51
(Trojan UV, Canada) emitting nearly monochromatic UV radiation
at 253.7nm. The radiation was focused through a circular opening
to provide relatively homogenous incident radiation normal to the
surface of the plasmid suspension. The lampand the light path from
the lamp to the suspension were enclosed in a wooden box-like
enclosure with black-painted interior walls. A stable lamp output
was obtained by controlling the airﬂow around the lamp to keep
the operating temperature constant. UV irradiance at 253.7nmwas
measured with a radiometer (IL1400; International Light) and UV
254 detector (SEL240) with a ﬁlter (NS254). The radiometer had
been factory calibrated, traceable to National Institute of Standards
and Technology standards, just prior to this study. The suspension
of irradiated plasmids was kept in open 100-mm diameter×15-
mm high Petri dish. A suspension of depth 1 cm was magnetically
stirred slowly at room temperature (25 ◦C). A shutter was used to
control the exposure time of the suspension to UV light.
2.4. Procedure for DNA characterization
The plasmid DNA solutions were characterized for size and
shape by atomic force microscopy (AFM), modifying the prepara-
tion protocol of Hansma and Laney [28]. Puriﬁed plasmid samples
were suspended in 1mM NiCl2/10mM Hepes (ﬁnal DNA concen-
tration 1.0ppm). 20l aliquots were dropped onto freshly cleaved
mica, and incubated for 5min at 20 ◦C. The samples were rinsed
with 1ml deionized water and dried. AFM measurements were
performedatambient conditionsusingaDigital InstrumentDimen-
sion 3100 instrument mounted on an active anti-vibration table. A
100m scanner was used. The 512×512 pixel images were taken
in tapping mode with a scan size of up to 5m at a scan rate of
1Hz. Dynamic light scattering (DLS)methodwas used to obtain the
plasmid hydrodynamic radius. Themeasurementswere performed
with a CGS-3 goniometer equipped with a He–Ne 22mW 632.8nm
laser. The spectrawere collected at angles varying from30◦ to 150◦.
The diffusion coefﬁcient was determined at 30◦. The autocorrela-
tion function was calculated by using the ALV/LSE 5003 multiple
tau digital correlator. Prior to each measurement, the sample was
passed through a 0.8m ﬁlter to minimise noise.
2.5. Procedure for qualitative analysis using conventional PCR
ampliﬁcation
A 439bp fragment of pHE4-ADR plasmid (9.5 kb), before
and after ﬁltration through PES membrane was ampliﬁed using
Un4(d) GCATATGATGTAGCGAAACAAGCC and Un4(r) GCGTGA-
CATACCCATTTCCAGGTCC primers, with a Mastercycler gradient
thermocycler (Eppendorf, Westbury, N.Y.). Reaction mixtures
included a 12.5l ReddyMix (PCR Master mix containing 1.5mM
MgCl2 and 0.2mM concentration of each deoxynucleoside triphos-
phate), 1 pmol of each of the forward and reverse primers, 1–2l
of the sample preparation, plus water to bring the total volume to
25l. An initial denaturation-hot start of 2min at 94 ◦C was fol-
lowed by 30 cycles of the following incubation pattern: 94 ◦C for
30 s, 54 ◦C for 30 s, and 72 ◦C for 45 s. The PCR products were puri-
ﬁed by electrophoresis through a 0.8% agarose gel, stained with
ethidium bromide and visualized on a UV transilluminator. The
O’GeneRulerTM 1kb DNA ladder, 250–10,000bp (Thermo Fisher
Scientiﬁc) was used.
The ABI prism 7000 Sequence Detection System and SDS Soft-
ware were used for data analysis. The ABI prism 7000 monitors the
ﬂuorescence resonance energy transfer (with a SYBR Green ﬂuo-
rophore) of reaction mixtures, just before the denaturizing step of
each ampliﬁcation cycle and records the cycle number at which
ﬂuorescence crosses a speciﬁc threshold cycle (Ct) value. The cycle
number at which the signal is ﬁrst detected is correlated with the
original concentration of theDNA template, while the starting copy
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umber of amplicons is inversely proportional to the real time
t. The plasmids, both for detection of membrane rejection ability
nd as standards were assayed in triplicate. Standard curves were
btained by plotting the Ct value of each 10-fold dilution series of
lasmids.
.6. Procedure for quantitative analysis using real-time PCR
The concentration of pHE4-ADR plasmid (9.5 kb) plasmid
n feed and permeate fractions were determined by real-time
CR using the following sets of primers: 341F CCTACGGGAG-
CAGCAG and 518R ATTACCGCGGCTGCTGG, Un4(d) GCATATGAT-
TAGCGAAACAAGCC and Un4-r(2) CTCAGCGTACTGAATTTGAGCG,
n4-d(2) GCGTATCTCAAAATGTCCATCTCC and Un4(r) GCGTGA-
ATACCCATTTCCAGGTCC. Two sets of opposite primers: pGEM-
out GACGGCCAGTGAATGTAATACG and pGEM-Rout GTGGC-
ATAAGTCGGTCTTACC; pGEM-Fint CGTATTACAATTCATGGCCGTC
nd pGEM-Rint GGTAAGACACGACTATCGCCAC were used for
mplifying the pGEMR plasmid (4.5 kb). Quantiﬁcation of bacterial
NAwas performed in theABI prism7000 SequenceDetection Sys-
em using Absolute QPCR SYBR Green ROX Mix on a 96-well optical
late. The PCR reaction consisted of 10l of Absolute QPCR SYBR
reen ROX Mix, 150nM each of forward and reverse primers, and
.0l of each DNA template, in a total volume of 20l. Thermal
ycling conditions were as follows: 2min at 50 ◦C, 15min at 95 ◦C,
ollowed by 40 rounds of 15 s at 95 ◦C and 1min at 60 ◦C. To verify
hat the used primer pair produced only a single speciﬁc product, a
issociation protocol was added after thermocycling, to determine
issociation of the PCR products from 60 ◦C to 95 ◦C.
Fig. 1. AFM micrographs (top) and DLS graphs (bottom) of pGEMR and prane Science 371 (2011) 45–51 47
The pGEMR (4.5 kb) and pHE4-ADR (9.5 kb) plasmids were used
for detecting the membrane rejection ability and as standards for
the calibration curves for quantiﬁcation at six serial dilution points
(in 10-fold steps). All runs included a no-template control. Repro-
ducibility of SYBR Green real-time PCR was assessed by running
samples independently ondifferent days. The PCRproductwas ver-
iﬁed with ethidium bromide-stained 2% agarose gels. Data analysis
was done using the ABI prism 7000 Sequence Detection System
and SDS Software. All plasmids were assayed in triplicate. Stan-
dard curves were obtained by plotting the Ct value of each 10-fold
dilution series of plasmids.
2.7. Procedure for transformational experiments
Concentrations of E. coli cells before and after the UF mem-
brane were determined using standard culturing methods. 100l
of E. coli XL-Blue MRF’ or E. coli HD5 cells were plated on LB agar
and counted after overnight incubation at 37 ◦C. The stock solution
contained 2×108 cfu in ml deionized water and was diluted up
to a total volume of 100ml before ﬁltration. Each experiment was
performed at a constant temperature of 25±1 ◦C and at pH 6.0.
Propagation of T4 bacteriophages was performed by inocula-
tion of the E. coli cells at the exponential growth stage (suspension
turbidity between 0.2 and 0.3 OD). The culture was incubated
overnight at 37 ◦C. Lysis was performed by adding 300l CHCl3.
Puriﬁcationwasperformedbycentrifugationat6000 rpmfor5min.
The T4 concentration was determined by plaque forming unit (pfu)
assay, using thedouble layer overlaymethod. After dilution, the ini-
tial T4 solution including 1.2×106 pfu/ml in deionized water was
HE4-ADR. The measurements were performed in deionized water.
48 E. Arkhangelsky et al. / Journal of Membrane Science 371 (2011) 45–51
Fig. 2. Observed rejection (blue) and ﬂux (red) values for pGEMR 4.5 kb through
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o0kDa PES membrane during the ﬁltration process.Operating conditions: TMP 2bar,
25 ◦C. (For interpretation of the references to color in this ﬁgure legend, the reader
s referred to the web version of the article.)
tored at 4 ◦C. To avoid fouling effects, only 50ml of feed suspen-
ion was transferred through the membranes during the 30min of
xperiment.
. Results and discussion
In a typical experiment, a plasmid solution was placed in a
imple dead-end membrane cell. The feed solution was pressured
hrough the membrane that was placed in the bottom of the cell.
he permeate samples were collected every 2ml and analyzed for
lasmid concentration.
A series of control experiments was run to verify the mem-
rane pore size, using polyethylene glycol (PEG, 11 experiments
ith MW from 0.2 to 600kDa). A 90% rejection (MWCO) was
ig. 4. Possiblemechanismof plasmid (in red) penetration through nano-pores (inwhite).
f the references to color in this ﬁgure legend, the reader is referred to the web version oFig. 3. Observed rejection vs. ﬂux for pGEMR 4.5 kb through 20kDa PES membranes
during the ﬁltration process. Operating conditions: TMP 2bar, T 25 ◦C.
observed between 20 and 25kDa, in line with the manufacturer’s
speciﬁcations. Filtration of T4 and E. coli through uncompromised
membranes showed normal log removal values (LRV=4 and 6,
respectively). No change in the values was observed when the
membranes’ pores were primarily blocked by kaolin. Controlled
damaging of the membrane by perforation using a needle resulted
in a drastic drop in T4 rejection values from 4 to 0.85 LRV. These
results conﬁrm that the membranes were intact and had no pores
larger than ∼320nm, which are required for free passage of the
supercoiled DNA [29].
The AFM images of pGEMR and pHE4-ADR plasmids showed
coiled shapes (Fig. 1) that DNA molecules form in solutions with
sufﬁcient ionic strength [30]. The average hydrodynamic diameter
Hydrodynamic pressure (black arrows) is used as amotive force. (For interpretation
f the article.)
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f pGEMR is 320nm and of pHE4-ADR 380nm. Thus, our results
upport previous ﬁndings [31–37] of higher hydrodynamic sizes
or plasmids with higher base pair numbers.
Fig. 2 shows the kinetics of plasmid permeation. Triplicate
xperiments were run on different days, and triplicate samples
ere collected at each volume point. The exponential decay in ﬂux
rom 130 to 80 lm−2 h−1 reﬂects an increase in rejection from 81%
o 99.5%. Fig. 3 shows the correlation between the rejection and the
ux. The linear correlation suggests that membrane pores gradu-
lly clog with plasmids. This clogging increases the rejection and
owers the ﬂux. The direct relation between ﬂux and transition
in agreement with the results of Zydney and co-workers [18,21])
an be explained as follows: initially, the transportation of plas-
ids through the pores follows a “snake-like” movement [38,39]
ue to sufﬁcient hydrodynamic pressure as a moving force. This
ovement is described by a reptation model and is applicable to
ransition of polymers through a channel at least twice larger than
he polymer size. The maximum plasmid length is 1.45m (corre-
ponding to 4.5 kb) and the thickness of the membrane active layer
s 10m, suggesting that the reptation model applies here. How-
ver, large amounts of plasmid remain “plugged” in the pores. This
ore blockage leads to a gradual decrease of ﬂux and an increase
n DNA retention. The parallel hypothesis of slow plasmid pene-
ig. 5. The % of permeation of pGEMR (top left) and pHE4-ADR (top right) through the mem
orming units of infected E. coli cells (grey bars). All values are averages of triplicate experi
39bp fragment of pHE4-ADR plasmid (9.5 kb). In each segment, the three bands on the
ilutions, while the two bands on the left represent the concentration in the permeate.
n feed, in permeate, negative control. Operating conditions: T 25 ◦C, 30min, 0.33ppm p
erformed at 5bars TMP.rane Science 371 (2011) 45–51 49
tration kinetics was ruled out in control experiments performed
with 285ml of solution. The ﬁrst 30ml of plasmid-containing solu-
tion were followed by ﬂushing with deionized water. No changes
in rejection and ﬂux values were observed after ﬁrst 25ml.
Fig. 4 shows a possible mechanism for plasmid permeation. Ini-
tially, the solution that carries the plasmids moves towards the
membrane (Fig. 4A). Close to thepores, someof theplasmids stretch
to a form that allows them to enter the pores. Under the hydro-
dynamic pressure these stretched plasmids enter the membrane
(Fig. 4B), and move “snake-like” through it [29,30] (Fig. 4C). They
then return to their original supercoiled state after exiting the
membrane (Fig. 4D). Eventually, the majority of the pores clog up,
plasmid retention rises, and the ﬂux drops by at least 50%.
The above mechanism was supported by a series of additional
experiments that verify plasmid integrity, determine the role of
plasmid elasticity and relate membrane pore size and plasmid per-
sistence length. Theplasmidpersistence lengthas reported recently
is between47.5 and74.3nm [24–26]while themembrane’sMWCO
is between 23 and 25kDa. A rough estimate is that the membrane
main pore size is between 4 and 12nm. The 4.3 and 6nm pore size
in composite regenerated cellulose (CRC) 30 and 100kDa mem-
branes was reported [40,41]. This is at least 6–7 times smaller than
the plasmid persistence length. The results suggest the presence of
brane at different pressures calculated with real time PCR (black bars), and colony
ments. The image (bottom left) is the gel electrophoresis plates of the PCR ampliﬁed
right represent the primary concentration of the plasmid in the feed at different
(Bottom right) E. coli DH5-competent cells after pGEMR plasmid transformation:
lasmid in DI water, PES-20 membrane. The plates are the results of experiments
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bnormal pores [42,43] that allow penetration of polymers as large
s 50nm. Although not directly observed, the large pores hypothe-
is is awidely accepted explanation of frequently reported removal
evels of viruses. The number of these pores is limited. As they
radually clog, the retention increases and the ﬂux drops.
The issue of plasmid integrity was assessed in a parallel deter-
ination of the plasmid concentration after the membrane cell at
ifferent TMPs. The concentrations are presented in Fig. 5 as PCR
nalysis results (black bars) and corresponding colony numbers
f infected E. coli cells (grey bars), for TMP values between 1 and
bars. Results for pGEMR (top left) and pHE4-ADR (top right) indi-
ate that both plasmids clearly penetrate through the membrane,
ith values as high as 0.87% for pHE4-ADR at 5bar overpressure
fter 30min. Signiﬁcantly, both plasmids show similar permeation
alues, despite the twofold molecular weight difference. The trans-
ortation levels depend strongly on the TMP. In each case there is
threshold, above which the penetration begins (3.0 and 2.0bars
or pGEMR and pHE4-ADR, respectively). Blank experiments con-
rmed that therewasnopermeation at zero TMP. Transformational
xperiments showed that both plasmids also retained their infec-
ious characteristics after penetration. Here, the permeate was
ixed with E. coli cells that were then seeded in Petri dishes and
ncubated at 37 ◦C for 16–18h. The number of colony units corre-
ated with the PCR results (cf. the black and the grey bar graphs in
ig. 5). This is one indication that the plasmids retain their original
tructure. However, it is not a proof, as the E. coli itself can in prin-
iple repair broken plasmid strands [42]. Additional ampliﬁcation
as performed with two sets of opposite primers (pGEM-Fout and
GEM-Rout; pGEM-Fint and pGEM-Rint). These primers ampliﬁed
.4 kb and 2.1 kb fragments, providing ampliﬁcation of the entire
lasmid and supporting our hypothesis that the plasmid passes
hole through the membrane.
WeassumedthatDNApenetration is enabledby“stretchingout”
f the plasmid by hydrodynamic forces. Fig. 1 shows that pHE4-
DR has a packed hair-like structure, while pGEMR is completely
upercoiled. We suggest that stretching out the packed hair-like
tructure is easier (cf. also the lower percentage of pGEMR in the
ermeate under identical ﬁltration conditions). The stretching was
imited by UV irradiation that causes formation of covalent link-
ge of two cytosine residues, two thymine residues or one thymine
nd one cytosine residue. As a result of bonding the plasmid lost
ts elasticity, forming a rigid structure. Fig. 6 shows the results of
V irradiation at different doses. We see that increased UV doses
esults in higher retention levels, due to decreased ﬂexibility. The
UV dose, J/cm2
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ig. 6. Rejection of pGEMR as a function of UV dose.Operating conditions: TMP 3bar,
25 ◦C, PC 10 (grey bars) and PC 30 (black bars).
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55% retention obtained at UV dose of 225 J/cm2 suggests that the
transition is due to increased ﬂexibility of the plasmid in its native
form. The different plasmid retentions in ﬁltration experiments
with PES and PC membranes reﬂect the difference in membrane
pore size and composition.
4. Conclusions
Despite electrostatic repulsion and a signiﬁcant size differ-
ence between plasmid and pore, a circular double stranded DNA
molecule can penetrate through synthetic membranes. The pene-
tration is linearly correlated to TMP and is unaffected by plasmid
length. Speculating on the possible penetration mechanisms, we
suggest that the DNA plasmid is stretched by the pressure and
penetrates through the pores as a long hair-shaped semi-ﬂexible
string. A critical pressure threshold of 2–3bars must be reached
to stretch out the plasmid. Interestingly, one of the mechanisms
for nonenveloped virus transport in vivo is transport of naked DNA
that might occur due to signiﬁcant pressure differences on both
sides of themembranes. Thus,webelieve that the lab results shown
here help shed light on the mechanisms of virus transport and cell
penetration.
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